Abstract. Mesenchymal stem cells (MSC) are able to differentiate into cells of multiple lineage, and additionally act to modulate the immune response. Interleukin (IL)-9 is primarily produced by cluster of differentiation (CD)4 + T cells to regulate the immune response. The present study aimed to investigate the effect of human umbilical cord derived-MSC (UC-MSC) on IL-9 production of human CD4 + T cells. It was demonstrated that the addition of UC-MSC to the culture of CD4 + T cells significantly enhanced IL-9 production by CD4 + T cells. Transwell experiments suggested that UC-MSC promotion of IL-9 production by CD4 + T cells was dependent on cell-cell contact. Upregulated expression of CD106 was observed in UC-MSC co-cultured with CD4 + T cells, and the addition of a blocking antibody of CD106 significantly impaired the ability of UC-MSC to promote IL-9 production by CD4 + T cells. Therefore, the results of the present study demonstrated that UC-MSC promoted the generation of IL-9 producing cells, which may be mediated, in part by CD106. The findings may act to expand understanding and knowledge of the immune modulatory role of UC-MSC.
Introduction
Mesenchymal stem cells (MSC) can differentiate into cells of mesenchymal tissues, including bone, cartilage, fat, tendon, muscle, and can also differentiate to cells with visceral mesoderm, neuroectoderm and endoderm characteristics in vitro (1) . Therefore, MSC is considered to be a promising material for tissue engineering and regenerative medicine. MSC were first isolated from bone marrow (BM) (2) , and now it can be isolated from other tissues, such as adipose (3), umbilical cord (4) and placenta (5) . MSC can modulate the immune response, and there were many researches focusing on the effect of MSC on cluster of differentiation (CD)4 + T cells. BM-MSC can induce a Th1 to Th2 shift, increase Treg population (6) and inhibit Th17 differentiation (7) . Both cell-cell contact and soluble factors were important for immune modulation of MSC. Prostaglandin E2 (PGE2) and indoleamine 2,3-dioxygenase 1 (IDO1) were most studied soluble factors that regulated the CD4 + T cells. PGE2 can inhibit interferon-γ (IFN-γ) production and Th1 polarization of CD4 + T cells (8) . IDO1 can consume tryptophan, and the lack of tryptophan leads to proliferation inhibition of CD4 + T cells (9, 10) . Cell surface molecules, like CD106, were also supposed to be important for regulation of CD4 + T cells, probably through enhancing the crosstalk of MSC and CD4 + T cells (11) . Human umbilical cord derived-MSC (UC-MSC) are considered to be a promising candidate for BM-MSC in many therapeutic applications. UC-MSC share many common characteristics with BM-MSC but there are some exceptions. UC-MSC could adhere to plastic and proliferate more quickly than BM-MSC (4) . Although most of the surface markers were similar, UC-MSC had higher expression of CD54, SSEA-4, and OCT-4 than BM-MSC (8) . Like BM-MSC, UC-MSC could modulate the immune response, inhibit IFN-γ secretion of CD4 + and CD8 + T cells through a PGE2-dependent mechanism (8) . These similarities suggest a common effect of MSC, and UC-MSC might be used in immune diseases (15) . IL-9 had been supposed to be secreted by Th2 cells, but it is suggested that IL-9-producing CD4 + T cells is a novel CD4 + T cell subset, named Th9 (16, 17) . Th9 is one type of effector T cells, which can promote tissue inflammation (17) . IL-9 induce differentiation of Th17 cells, and enhance the function of FoxP3 + natural regulatory T cells (18) , suggesting an important role in immune response. TGF-β and IL-4 are critical for generating Th9 (17) , and cytokines like type I IFNs, IL-21 and IL-1 regulate IL-9 production (19, 20) , indicating a complex cytokine network in the regulation of human IL-9-producing CD4 + T cells. MSC might be candidate cells supporting Th9, and the effect of MSC on Th9 has not been studied yet. In the present study, we discovered that UC-MSC promoted IL-9 production of cord blood CD4 + T cells, and the effect of UC-MSC was largely depended on cell-cell contact. These results discovered that this novel type of Th can be regulated by MSC, expanding the knowledge for Th9 differentiation.
Materials and methods

Generation of human UC-MSC.
This study was approved by the Institutional Review Board of Chinese Academy of Medical Sciences and Peking Union Medical College (Tianjin, China). Umbilical cords and cord blood were obtained from donors with written informed consent. The isolation and expansion of UC-MSC were performed as described previously (4) . Briefly, the cord was cut into small pieces (1-2 cm 2 ), and digested with 0.075% collagenase II (Sigma, St. Louis, MO, USA) for 30 min and then 0.125% trypsin (Gibco, Grand Island, NY, USA) for 30 min with gentle agitating at 37˚C. The digested mixture was passed through a 100-µm filter to collect cell suspensions. Cells were washed with phosphate-buffered saline for three times and placed in plastic flasks in the presence of the complete DF-12 medium (Gibco) containing 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA), 2 mM glutamine, 100 U/ml penicillin-streptomycin, and 10 ng/ml epidermal growth factor (EGF; Peprotech, Inc., Rocky Hill, NJ, USA). NonadherenT cells were removed from culture 72 h later. Once 60-80% confluence reached, adheren T cells were replanted to for expansion. UC-MSC of passage 4 to 6 were used in this study.
Flow cytometry analysis. Phenotype of UC-MSC was analyzed using the following antibodies: FITC-conjugated-CD31, CD34, CD45 and HLA-ABC; PE-conjugated-CD11b, CD19, CD29, CD44, CD54, CD80, CD86, CD73, CD90, CD105, CD106, CD117, CD151 and HLA-DR. Non-specific isotype-matched antibodies served as controls.
Osteogenic and adipogenic differentiation. Osteogenic and adipogenic differentiation were carried out as described previously (4) . Briefly, 2x10 3 cells were plated in to a well of 96-well plates. The medium was changed with specific induction medium 24 h later. For osteogenic induction, STEMPRO Osteogenesis Differentiation kit (Gibco) was used. For adipogenic induction, medium consisted of DMEM supplemented with 10% FBS, 1 µmol/l dexamethasone, 5 µg/ml insulin, 0.5 mmol/l isobutylmethylxanthine (IBMX), and 60 µmol/l indomethacin were used. Reagents for adipogenic induction were purchased from Sigma. After 3 weeks of induction, the cells were stained using alizarin red S or Oil Red solution O.
Isolation of cord blood CD4
+ T cells. Human cord blood mononuclear cells were isolated by Ficoll-Paque (Axis-Shield, Oslo, Norway) density gradient centrifugation from blood of health volunteer donors. CD4 + T cells were purified by using relevant magnetic MicroBead kits (Miltenyi Biotec GmbH, Bergisch Gladbach, German) according to the manufacturer's instructions. The purity of CD4 + T cells was more than 95%.
CD4
+ T cells and MSC co-culture experiments. MSC were plated and allowed to adhere in 96-well or 24-well flat-bottom plate for 4 h at 37˚C, and then CD4 + T cells (4x10 4 for 96-well plate, 2x10
5 for 24-well plate) were added. These cells were cultured in complete RPMI-1640 medium (Gibco) containing 10% FBS, 2 mM glutamine, 100 U/ml penicillin and streptomycin, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate. IL4 (Peprotech; 20 ng/ml), IL-2 (Peprotech; 10 ng/ml) and Dynabeads Human T-Activator CD3/CD28 (Life Technologies, Grand Island, NY, USA) were added to induce IL-9 production of CD4 + T cells. CD4 + T cells and MSC were cultured for 96 h. For blocking experiments, 5 µg/ml isotype control and CD106 neutralizing antibody (Ancell, Bayport, MN, USA) was added to the culture medium. For intracellular staining, CD4 + T cells were stimulated for 5 h with PMA (50 ng/ml; Sigma) and ionomycin (1 µg/ml; Calbiochem; EMD Millipore, Billerica, MA, USA) in the presence of Golgiplug (BD Biosciences, Franklin Lakes, NJ, USA) after 91 h of culture. After labeled with FITC anti-CD4 mAb, cells were fixed, permeabilized and stained with PE-anti IL-9 mAb. Cells were analyzed by flow cytometry in a FACS Calibur, using the CellQuest software (BD Biosciences).
ELISA. Cell-free supernatants were collected and kept in refrigerator at -80˚C. IL-9 and IFN-γ were tested using the kit from ebioscience. All of the ELISA assay kits were used following the supplier's instruction. Statistical analysis. The data were analyzed for statistic significance using the GraphPad Prism software. Data are presented as mean ± SEM. Student's unpaired t-test was used to determine significance. P<0.05 was considered to indicate a statistically significant difference.
RNA isolation, reverse transcription and quantitative polymerase chain reaction (qPCR).
Results
Characterization of UC-MSC. MSC can be isolated from umbilical cord. UC-MSC were spindle-shaped and proliferated quickly in the flask. We analyzed the surface markers of UC-MSC. UC-MSC expressed CD29, CD44, CD54, CD73, CD90, CD105, CD151 and HLA-ABC, and almost did not express CD11b, CD19, CD31, CD34, CD45, CD80, CD86, CD117 and HLA-DR. Low level of CD106 was detected on UC-MSC. The osteogenic and adipogenic potential of UC-MSC were also tested. UC-MSC were seeded and cultured in osteogenic or adipogenic medium for three weeks, and stained by alizarin red S or oil red O solution. As shown in Fig. 1A , UC-MSC can differentiate into adipocytes and osteocytes. UC-MSC could modulate the immune system, especially for Th1 immune response. To study the effect of UC-MSC on cord blood CD4 + T cells, we co-cultured UC-MSC with CD4 + T cells. As expected, we can not detect IFN-γ in culture medium without stimulant. IL-2 (10 ng/ml) and Dynabeads Human T-Activator CD3/CD28 were used to active CD4 + T cells. Fig. 1B showed that UC-MSC significantly inhibited the IFN-γ production of active CD4 + T cells (26.26±3.482 pg/ml in co-culture vs. 139.4±20.64 pg/ml in active CD4 + T alone, P<0.01). These results suggested that UC-MSC isolated in our lab were effective for immune modulation, and could be used in further studies.
UC-MSC supported IL-9 production of CD4
+ T cells. IL-9 was undetectable in culture medium of CD4 + T cells active by IL-2 and Dynabeads Human T-Activator CD3/CD28. To induce detectable IL-9 production of cord blood CD4 + T cells, additional cytokines were needed, and we added IL-4 to the culture medium. The secretion of IL-9 in UC-MSC was undetectable with or without IL-4 treatment. To explore the effect of UC-MSC on IL-9 production of cord blood CD4 + T cells, UC-MSC were added to co-culture with IL-4 induced CD4 + T cells. Inactive CD4 + T cells present a smaller size than active cells ( Fig. 2A and B) . As shown in Fig. 2C, CD4 + T cells gathered into clusters when cultured alone. When co-cultured with UC-MSC, CD4 + T cells grown in uniform distribution (Fig. 2D) . It was likely UC-MSC changed the grow status of CD4 + T cells. The concentration of IL-9 was detected by ELISA. When co-culture in the presence of IL-4, UC-MSC enhanced IL-9 production in a does dependent manner (Fig. 2E) . When MSC and CD4 + T cells were co-cultured with a proportion of 1:10, the concentration of IL-9 in culture medium was largely upregulated (235.9±31.70 pg/ml in co-culture vs. 15.86±4.26 pg/ml in active CD4 + T alone, P<0.001). Although MSC from different donors showed different effects, all of them could increase soluble IL-9 in culture medium (Fig. 2F) .
UC-MSC polarized CD4
+ T to IL-9 producing cells. Increased soluble IL-9 in culture medium of CD4 + T cells were detected when co-cultured with UC-MSC, suggested that UC-MSC might enhance polarization of CD4 + T cells to produce IL-9. Intracellular staining showed that proportion of IL-9 producing cells was increased (Fig. 3A) . More CD4 + T cells were polarized to IL-9 producing cells when co-cultured with UC-MSC. T cells were raised (Fig. 3B) . Moreover, expression of BATF, IRF4 and PU.1 were upregulated. To our surprise, IL-10 was not upregulated by UC-MSC, suggesting a different regulation pattern with IL-9 (Fig. 3B ).
Cell-cell contact mediated the promotion effect of UC-MSC on IL-9 production of CD4
+ T cells. Role of cell-cell contact in MSC mediate immune modulation was not clear yet. In order to test whether cell-cell contact play a role in MSC mediate promotion of IL-9 production, transwell was used. For transwell analyze, UC-MSC were seeded into the upper chamber, and CD4 + T cells were seeded into the low chamber. Cells in the transwell group were more likely to gather together than the co-culture group (Fig. 4A and B) , suggesting different growth state. Unlike in direct co-culture, UC-MSC failed to support IL-9 production of CD4 + T cells in transwell system (Fig. 4C,  P>0 .05). These results suggest thaT cell-cell contact between CD4 + T cells and UC-MSC is critical for its supportive effect on IL-9 producing CD4 + T cells.
Supportive effect of UC-MSC on IL-9 production of CB CD4
+ T cells is CD106 dependent. As cell-cell contact is critical for UC-MSC mediated enhancement of IL-9 production for CD4 + T cells, we supposed that the molecules expressed on the surface of MSC might play a role in this process. CD106 can be up regulated in many conditions, so we tested their expression. CD106 could be upregulate by IL-4, and its expression was further up regulated on UC-MSC in this co-culture (Fig. 5A) . The change of CD106 indicated their participation in the regulation of Th9. To test their roles, CD106 blocking antibody were added into the co-culture system. After blocking CD106, the effect of UC-MSC was significant impaired (Fig. 5B,  225 .5±19.37 pg/ml in isotype control group; 143.6±8.72 pg/ml in anti CD106 group, P<0.05). Blocking CD106 mediate adherence did not reverse the promotion effect of UC-MSC entirely, so other molecules may also play a role.
Discussion
In the present study, we discovered that short term of UC-MSC treatment could increase IL-9 production of CD4 + T cells, and up regulate Th9 related transcription factors BATF, IRF4 and PU.1. This effect was mediate mainly by cell-cell contact, and adhesion molecules CD106 participated in this process.
MSC can modulate T cells, B cells, NK cells, DC and macrophages (21, 22) . The effects of MSC on many subsets of CD4 + T cells were published. MSC inhibited Th1, promoted Treg, but the effect on Th17 were confusion (6, 7, 23) . Our study suggested that Th9 were promoted by MSC. Th9 has been suggested to participate in many biological progresses. In many autoimmune diseases, expression of IL-9 was abnormal. IL-9 have been shown to up regulate in asthma (24) , atopic dermatitis (25) , systemic lupus erythematosus (26) and atherosclerosis (27) . A study showed that IL-9 is required for TSLP-induced allergic inflammation (28) . These researches highlight the role of IL-9 in immune responses. This supportive effect should be taken into consideration when MSC were used for treatment of autoimmune diseases. Moreover, Th9 were recruitment to malignant pleural effusion (29) and IL-9 inhibited tumor growth (30) . MSC might regulate tumor cells directly and indirectly and the role of Th9 in tumor immunity, suggested a complex role that MSC play, and prompted a new way of how MSC affects the tumor.
MSC regulates the immune cell by cell-cell contact and soluble factors. Soluble factors were supposed to be important for immune modulation of MSC. MSC modulate the immune response partly via soluble factors such as PGE2 (8) , IDO1 (9), TGF-β1 (31), hepatocyte growth factor (HGF) (32), IL-6 (33), HLA-G (34), nitric oxide (NO) (35) , or Galectin-1 (36) . The cell surface molecules that participate in immune modulation of MSC were also reported. Jagged-2 (37), FAS ligand (38), CD54 (11) and CD106 (11) were included in the immune modulation of MSC. MSC inhibits Th1 response mainly by soluble factors like PGE2 and IDO1 (8, 10) , and cell-cell contact only plays a supplementary role (11) . For regulation of Treg and Th17, cell-cell contact and soluble factors were both important (7, 39) . In our study, we discovered that CD106 was critical for the Th9 supportive effect of MSC. Our results suggested that MSC could regulate different CD4 + T cell subset in different ways. In our study, we added IL-4 to the culture medium and the role of IL-4 may not just in inducing IL-9. Pro-inflammatory cytokine IFN-γ, TNF-α and IL-1β, have been shown to be important in the immunomodulatory properties of MSC (22) . IFN-γ could induce IDO1 in MSC, which inhibited T cell proliferation (9) . Our group discovered that IL-1β enhanced the secretion of PGE2 from UC-MSC, and resulted in a stronger inhibition for proliferation and IFN-γ production of T cells (40) . In mouse, IFN-γ, TNF-α and IL-1β combination provoke the expression of high levels of inducible NO synthase (iNOS), chemokines and adhesion molecules for MSC, and induce immunosuppression by MSC (35) . IL-4 could enhance expression of CD106 in UC-MSC, and it is reported that IL-4 could also increase CD106 expression of BM stromal cells (41) and endothelium cells (42) , so we suggest that IL-4 might play multiple roles in inducing Th9.
Our previous study have proved that CD106 identifies a subpopulation of chorionic villi-MSC with strong immunomodulatory properties for peripheral blood mononuclear cells and Th1 cells (43) . Besides highly expression of CD106, there was also a upregulation of COX-2, IL-1A, IL1B and IL-6 (43) . In the present study, CD106 was important in regulation of Th9 and the effects of CD106 + MSC on Th9 are not known yet.
In conclusion, we discovered the IL-9 production of CD4 + T cells can be enhanced by UC-MSC, mostly via cell-cell contact, and CD106 participated in the supportive effect. Further studies are needed to for understanding the effect of CD106 + MSC on Th9, and the usage of MSC on Th9 related disease.
